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Our  previous  work  on the  mechanism  of  virulence  for the  unique  isolates  of Vibrio  parahaemolyticus  that
cause  acute  hepatopancreatic  necrosis  disease  (VPAHPND) revealed  that  it was  mediated  by a binary  Pir-like
toxin  pair  ToxA  and  ToxB.  These  toxins  are  located  on  the  pVA  plasmid,  a plasmid  carried  by AHPND-
causing  strain  of  V.  parahaemolyticus  with  a size  of approximately  69  kbp. Using  the  coding  sequences  of
ToxA,  a one-step  PCR  detection  method  for VPAHPND was  introduced  in  June  2014  but had  the  limitation
that  attempts  to adapt  it into  a nested  PCR  protocol  were  unsuccessful.  As a result,  low  levels of VPAHPND
in  shrimp  or other  samples  could  not  be detected  without  ﬁrst  preparing  an  enrichment  broth  culture
to  allow  bacterial  growth  before  extraction  of  template  DNA.  Here,  we  describe  the  AP4  (abbreviation  of
AHPND  detection  version  4)  method,  a two-tube  nested  PCR  method  that  targets  the  tandem  genes  ToxA
and  ToxB,  including  the  12 bp  spacer  that  separates  them  on  pVA  plasmid.  Testing  of  the  method  revealed
that  it gave  100% positive  and  negative  predictive  values  for  VPAHPND using  a panel  of  104  bacterial
isolates  including  51 VPAHPND isolates  and  53  non-AHPND  isolates,  the  latter  including  34  isolates  of  V.
parahaemolyticus  and 19  isolates  of other  bacteria  found  in  shrimp  ponds,  including  other  Vibrio  species.
The  AP4  nested  PCR  method  was  100  times  more  sensitive  (100  fg  total  DNA template)  than  the  one-step
AP3  (10  pg total  DNA  template)  method,  and it could  detect  VPAHPND in  experimentally  challenged  shrimp
by  6 h post  immersion  (n  = 2/3),  while  AP3  could  not  detect  is  until  12 h post  immersion  (n =  1/3).  Thus,
the  AP4  method  may  be  useful  in detecting  VPAHPND isolates  in  samples  where  target  material  is  limited
(e.g., small  tissue  quantity  or archived  DNA)  and  enrichment  cannot  be  employed  (i.e., frozen  samples  or
samples  preserved  in alcohol).
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Acute hepatopancreatic necrosis disease (AHPND) is an emerg-
ng disease sometimes also called early mortality syndrome (EMS)
Flegel, 2012). It has caused serious losses to shrimp farmers in
hina, Vietnam, Malaysia, Thailand and Mexico (FAO, 2015; Flegel,
012; Gomez-Gil et al., 2014; Joshi et al., 2014; Nunan et al., 2014;
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352-5134/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Soto-Rodriguez et al., 2015; Tran et al., 2013). In early 2013, the
causal agent of AHPND was identiﬁed as unique isolates of Vibrio
parahaemolyticus (VPAHPND) (Tran et al., 2013). For the mechanism
of AHPND infection, it was  proposed that VPAHPND colonized the
shrimp stomach and produced soluble toxins that entered the HP
to cause massive cell sloughing characteristic of AHPND. In a previ-
ous study, we  identiﬁed and characterized potential toxin(s) from
ammonium sulfate precipitation of VPAHPND isolates grown in broth
cultures (Sirikharin et al., 2014a, 2015b). Analysis of the active frac-
tion by SDS-PAGE revealed two major bands at marker levels of
approximately 16 kDa (ToxA) and 50 kDa (ToxB). ToxA and ToxB
are present only in a protein sub-fraction of cell-free culture broth
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Fig. 1. Diagram of the target sequences for the AP4 primers.
Schematic diagram representing the target sequences for the AP4 primers on the
pVA1 plasmid in the region of the total nucleic acid sequence of the AHPND ToxA
and ToxB genes plus the 12 nucleic acid spacer that links them together (total target
fragment length 1665 bp). The inner (nested) primers AP4-F2 and AP4-R2 (text inS. Dangtip et al. / Aquacul
rom isolates of V. parahaemolyticus that cause AHPND (VPAHPND),
ut not from similar sub-fractions of protein from broth of non-
HPND V. parahaemolyticus cultures or of other bacteria that do
ot cause AHPND (Han et al., 2015; Sirikharin et al., 2014a, 2015b;
ran et al., 2013). Mass spectrometry followed by MASCOT analysis
evealed that both proteins had similarity to hypothetical proteins
f V. parahaemolyticus M0605 (contig 034 GenBank accession no.
ALL01000066.1) and similarity to known binary insecticidal toxins
alled ‘Photorhabdus’ insect related’ proteins A and B (Pir-A and Pir-
), respectively, produced by the symbiotic, nematode bacterium
hotorhabdus luminescens (Gomez-Gil et al., 2014; Li et al., 2014;
ang et al., 2014). In in vivo tests, it was shown that recombinant
oxA and ToxB were both required in a dose dependent manner to
ause AHPND pathology (Sirikharin et al., 2015b), indicating further
imilarity to Pir-A and Pir-B. The draft sequences of VPAHPND iso-
ates from Thailand (including VPAHPND isolates in this study) have
een published (Gomez-Gil et al., 2014; Kondo et al., 2014; Yang
t al., 2014). Sequence analysis conﬁrmed the presence of speciﬁc
omologs to Pir-A and Pir-B located in a unique, previously unre-
orted, large extrachromosomal plasmid called pVA in all VPAHPND
o far reported (Sirikharin et al., 2015b).
Because of the massive shrimp farm losses due to AHPND, sensi-
ive detection methods were urgently needed and these have been
rogressively developed since 2013. Two interim PCR detection
ethods; AP1 and AP2 (abbreviation of AHPND detection version 1
nd 2, respectively) were announced on 24 December 2013 (Flegel
nd Lo, 2013) based on purported DNA plasmid sequences present
n VPAHPND isolates but not present in non-AHPND V. parahaemolyti-
us isolates. Subsequent testing with 80 bacterial isolates at that
ime revealed that the AP2 method gave superior results to AP1
ith 97% positive predictive value for detection of VPAHPND iso-
ates (Sirikharin et al., 2014a). A subsequent AP3 method (AHPND
etection version 3) for PCR detection based on the sequence of
PAHPND ToxA was announced at the NACA website on 18 June
014 (Sirikharin et al., 2014a). Its development was  later described
n detail (Sirikharin et al., 2015b) and gave 100% sensitivity and
00% speciﬁcity for VPAHPND using an expanded selection of 104
acterial isolates similar to those used for validation of the AP1 &
P2 methods (Sirikharin et al., 2014a). Additional methods have
een described from Japan (Tinwongger et al., 2014) and the USA
Han et al., 2015). All of these methods were 1-step PCR detection
ethods that lacked the sensitivity to detect VPAHPND at low lev-
ls such as might be present in some environmental samples or in
rossly normal shrimp or other potential carriers. For such samples,
 preliminary enrichment step was recommended in any medium
uitable for growth of VPAHPND (Sirikharin et al., 2014a, 2015b).
In some situations, an enrichment step may  not be possible.
or example, samples are often submitted preserved by freezing
r in ethyl alcohol or as fresh or archived DNA extracts where the
ample amount is limited. For such samples, a more sensitive PCR
etection would be more suitable, but tests to adapt the AP1 to AP3
ethods for nested PCR were not successful due to the occurrence
f non-speciﬁc amplicons (unpublished). To overcome these prob-
ems, we developed a nested PCR protocol called the AP4 method
hat is 100 times more sensitive for VPAHPND detection than the AP3
ethod, without any loss in epidemiological sensitivity or speci-
city. It is suitable for direct analysis of DNA extracts of fresh, frozen
r alcohol-preserved samples from shrimp tissues, from broodstock
r juvenile shrimp feces, from whole post larvae or other suspected
arriers and from environmental sources such as pond sediment.
his is a two-tube nested PCR method that can detect VPAHPND at
s low as 100 fg DNA extracted from a pure culture. Due to the
rgent need for a more sensitive detection method, a preliminary
nnouncement for the AP4 method was made at the NACA website
n February 2015 (Sritunyalucksana et al., 2014) but this commu-grey outline) target a 230 bp portion of the sequence that includes 209 bp of the
ToxA gene sequence plus the 12 bp spacer sequence (text in grey outline, italics and
underlined), plus 9 bp of the succeeding ToxB gene sequence.
nication describes details of the methodology used to develop and
validate the method.
2. Materials and methods
2.1. The AP4 nested PCR method for detection of VPAHPND
The VPAHPND toxin genes are located very close together (sepa-
rated by 12 bp) on a plasmid (pVA) of approximately 69 kbp that
is carried by isolates of V. parahaemolyticus that cause AHPND
(VPAHPND) (Yang et al., 2014). The AP4 target sequence consists of
a chimeric DNA fragment comprising a major part of the whole
ToxA and ToxB region (1665 bp) on the 69 kbp pVA plasmid of
VPAHPND isolates (Fig. 1). The primers for the ﬁrst-step PCR reaction
are AP4-F1 and AP4-R1 (Fig. 1, bold underlined text) that target a
1269 bp portion of the region and including the full ToxA gene, plus
the 12 bp linker, plus a large portion of the succeeding ToxB gene
sequence (921/1317 bp = 70%). The AP4-F1 primer is equal to the
AP3-F primer of the AP3 method. For the second-step PCR reaction,
a portion of the ﬁnal solution from the ﬁrst-step PCR reaction is
used as the template with the inner (nested) primers AP4-F2 and
AP4-R2 (Fig. 1, text in grey outline). The target is a 230 bp portion
of the sequence that includes 209 bp of the ToxA gene sequence
plus the 12 bp spacer sequence (Fig. 1, text in italics) plus 9 bp of
the succeeding ToxB gene sequence. At high concentrations of tar-
get DNA, additional, bands for amplicons may occur as the product
of residual primer AP4-F1 working with AP4-R2 (357 bp) or AP4-F2
with AP4-R1 (1142 bp) in the nested step. The details of the primers
and PCR conditions are given in Tables 1–3. The PCR products were
visualized by 1.5% of agarose gel electrophoresis, ethidium bromide
staining and documented on a UV transilluminator.
2.2. Bacterial isolatesTo validate the AP4 method, we  used DNA extracts from a set of
104 bacterial isolates, including 34 non-AHPND VP and 51 VPAHPND
isolates (total 85, conﬁrmed by bioassay), plus another 19 iso-
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Table 1
Primers for the AP4 method.
Primers 5′–3′ Length %GC Tm Ta Expected
amplicon
AP4-F1* ATGAGTAACAATATAAAACATGAAAC 26 23 49 55 1269 bp
AP4-R1  ACGATTTCGACGTTCCCCAA 20 50 52
AP4-F2 TTGAGAATACGGGACGTGGG 20 55 54 55 230 bp
AP4-R2  GTTAGTCATGTGAGCACCTTC 21 48 52
*Note that primer AP4-F1 is identical to primer AP3-F from the AP3 method.
Table 2
First-step PCR reaction conditions.
Components l Final concentration Protocol
10x PCR mix  (Invitrogen) 2.5 1× Denature 94 ◦C, 2 min
50  mM MgCl2 1.5 3 mM 30 cycles
10  mM dNTPs 0.5 0.2 mM Denature 94 ◦C, 30 sec
10  M AP4-F1 0.5 0.2 M Annealing 55 ◦C, 30 sec
10  M AP4-R1 0.5 0.2 M Extension 72 ◦C, 90 sec
5  U/l  Taq DNA polymerase 0.3 1.5 U Final extension 72 ◦C, 2 min
DNA  template (50 ng/l) 2.0 100 ng/l
Sterile water 17.2
Total 25.0
Table 3
Second (nested) PCR reaction conditions.
Components l Final concentration Protocol
10× PCR mix  (Invitrogen) 2.5 1× Denature 94 ◦C, 2 min
50  mM MgCl2 1.5 3 mM 25 cycles
10  mM dNTPs 0.5 0.2 mM Denature 94 ◦C, 20 sec
10  M AP4-F2 0.375 0.15 M Annealing 55 ◦C, 20 sec
10  M AP4-R2 0.375 0.15 M Extension 72 ◦C, 20 sec
5  U/l  Taq DNA polymerase 0.3 1.5 U Final extension 72 ◦C, 2 min
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Sterile water 17.45
Total 25.0
ates of bacteria commonly found in shrimp ponds. These isolates
ere previously used for validation of the AP3 method (Sirikharin
t al., 2015b). For shrimp challenge tests, VPAHPND isolates 5HP
nd CN (Joshi et al., 2014), non-AHPND VP isolates ISO40 and S2-4
Sirikharin et al., 2015b), and an isolate of Shewanella were used.
ll bacterial isolates were stored as stocks in 15% glycerol at −80 ◦C
nd revived as needed by transfer to tryptic soy broth (TSB, Difco)
ontaining 1.5% NaCl or by streaking on solid media of the same
repared by addition of 1.5% agar to TSB (TSA) followed by incu-
ation at 30 ◦C. For challenge tests, the bacteria were grown in
SB until OD600 nm reached 0.6 (equivalent to approximately 108
olony forming units (cfu)/ml.
.3. DNA template preparation
Shrimp stomach tissue or bacterial pellets from broth cultures
ere homogenized in lysis buffer (50 mM Tris-HCl, pH 8.0, 50 mM
DTA, 1% SDS, 10 mM NaCl) containing 5 g/ml proteinase K.
enomic DNA was isolated and puriﬁed by the phenol–chloroform
ethod (Sambrook and Russell, 2001) and concentrations were
etermined using a Qubit® dsDNA BR Assay Kit and Qubit® ﬂu-
rometer (Invitrogen). All DNA templates were adjusted to a
oncentration of 50 ng/l  with TE buffer (pH 8.0) for further PCR
nalysis.
.4. Comparison of the AP3 and AP4 methodsThe AP3 and AP4 methods was compared for VPAHPND detec-
ion using the same 104 isolates previously used for validation of
he AP3 method (Sirikharin et al., 2015b) (see above). Additional
ross-reactivity tests were carried out using the AP4 method withsamples of shrimp challenged with various bacteria including non-
AHPND isolates of VP (ISO40 and S2-4), a Shewanella isolate derived
from a shrimp pond, with VPAHPND isolates 5HP and CN (posi-
tive controls) and healthy shrimp (negative control). Total DNA
(100 ng) templates extracted from these isolates or shrimp sam-
ples were analyzed by nested PCR followed by 1.5% agarose gel
electrophoresis with ethidium bromide staining and visualization
by UV transilluminator.
2.5. Comparative detection sensitivity of the AP3 and AP4
methods
Ten-fold serial dilutions of 50 ng/l  of total DNA extracted from
shrimp infected with VPAHPND were used as the template (2 l)
for AP4 nested PCR and for AP3 single-step PCR. The PCR products
were subjected to 1.5% agarose gel electrophoresis for sensitivity
comparison.
2.6. Time-course PCR sensitivity tests
For time course sensitivity, PCR testing of Paciﬁc whiteleg
shrimp (Litopenaeus vannamei)  was used. The shrimp had average
body weights of 2–4 g and were maintained at ambient tem-
perature (30–32 ◦C) in aerated plastic tanks containing 80–100 L
artiﬁcial sea water of 20 ppt salinity. They were fed 2 times daily
at 10% body weight using commercial shrimp feed pellets. Each
experimental group contained 20 shrimp.The VPAHPND isolate used in these time-course tests was 5HP
derived from an AHPND disease outbreak pond (Joshi et al., 2014).
Culture broth at OD600 = 0.6 was added to shrimp tanks to achieve
a ﬁnal concentration of 105 cfu/ml, while an equal volume of TSB
S. Dangtip et al. / Aquaculture Reports 2 (2015) 158–162 161
Table  4
Validation of the AP4 method for detection of VPAHPND isolates. The 104 bacterial isolates used were veriﬁed as AHPND or non-AHPND isolates by bioassay (Sirikharin et al.,
2014a). The specimens marked unidentiﬁed (*) were not isolates of Vibrio parahaemolyticus.
Bacterial isolates Number of isolates tested Bioassay result Number PCR positive
AP3 AP4
Vibrio alginolyticus 7 Non-AHPND 0 0
Vibrio harveyi 3 Non-AHPND 0 0
Vibrio vulniﬁcus 1 Non-AHPND 0 0
Photobacterium damsella 1 Non-AHPND 0 0
Unidentiﬁed* 7 Non-AHPND 0 0
Vibrio parahaemolyticus 34 Non-AHPND 0 0
Vibrio parahaemolyticus 51 AHPND 51 51
False  positive results 53 Non-AHPND 0 0
False  negative results 51 AHPND 0 0
Fig. 2. Example agarose gels of AP3 and AP4 PCR amplicons obtained for VPAHPND.
Lanes marked M indicate the molecular size markers. In Lane 1 of the gel for the
AP3 method there is an amplicon band of 333 bp indicating the presence of AHPND
ToxA gene in the template DNA. In Lane 1 of the gel for the AP4 method, there is
a  single amplicon band of 230 bp from the 2nd (nested) PCR step indicating a low
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Fig. 3. Example agarose gels from speciﬁcity tests for the AP4 nested PCR method.
Example agarose gel showing positive AP4 test results for VPAHPND isolates 5HP and
CN  compared with negative test results for the non-AHPND V. parahaemolyticus
isolates ISO40 and S2-4 and for the non-Vibrio isolate Shewanella. Also shown are
negative tests results for uninfected shrimp and positive results for DNA templates
from duplicate shrimp samples taken at 36 h after bath challenge with 5HP. Lanes
marked M indicate molecular size markers and +ve and –ve indicate positive and
negative controls.
Fig. 4. Comparison of detection sensitivity for the AP3 and AP4 methods.
(A) Agarose gel of PCR products obtained using the AP3 method with 10 fold serially
diluted DNA template from VP isolate 5HP and showing a detection limit ofevel of VPAHPND target in the template DNA. In Lane 2 of the gel for the AP4 method
here are 4 amplicon bands of 1269, 1142, 357 and 230 bp indicating a high level of
PAHPND target in the template DNA.
as added to the tank of the negative control shrimp. Before bacte-
ial addition, 3 shrimp were removed from each tank for VPAHPND
etection using the AP4 method. Thereafter, 3 more shrimps were
emoved for testing every 6 h for up to 48 h, provided that viable
hrimp still remained. The stomach tissue of these shrimp was
emoved aseptically for DNA extraction and PCR testing.
. Results and discussion
.1. Successful detection of VPAHPND using the AP4 nested PCR
ethod
A diagram of gene organization of ToxA and ToxB is shown in
ig. 1 with the primer sequences and their locations indicated. An
xample agarose gel showing the PCR products of the AP4 method
1269 bp for the outer primers in the ﬁrst-step PCR and 230 bp for
he second, nested PCR step) are shown and compared with the
CR product from the AP3 method in Fig. 2. Note that specimens
ith severe VPAHPND infections show two additional PCR product
ands of 1142 and 357 bp resulting from cross reaction between
he nested primers and residual ﬁrst-step PCR primers plus DNA
emplate included with the 1st-step PCR product in the template
olution used for the 2nd, nested PCR step..2. Validation of the AP4 detection method
Using the same 104 bioassayed bacterial isolates previously
sed to validate the AP3 method (Sirikharin et al., 2015b), the AP4AHPND
10  pg total DNA. (B) Agarose gel of PCR products using the AP4 method with the
same templates as in (A) and showing a detection limit of 100 fg total DNA.
method was  used together with the AP3 method again and both
gave 100% positive and negative predictive values for detection of
VPAHPND (Table 4). An example agarose electrophoresis gel is shown
for an additional set of 3 non-AHPND isolates (V. parahaemolyti-
cus S2-4 plus ISO40, plus one isolate of Shewanella) for comparison
with VPAHPND isolates 5HP and CN (Fig. 3). This ﬁgure also includes
samples of DNA extracted from shrimp at 36 h after injection with
5HP compared to extracts of shrimp injected with buffer. Similarly,
DNA from challenged shrimp early after laboratory challenge with
VPAHPND gave negative results with the AP3 method but positive
162 S. Dangtip et al. / Aquaculture R
Fig. 5. Comparison of AP3 and AP4 methods in VPAHPND-challenged shrimp.
(A) Agarose gels of PCR amplicons obtained using the AP3 method and showing that
most samples gave negative test results until 36 h post challenge. (B) Agarose gels
of  PCR amplicons obtained using the AP4 method with the same templates as in B
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Yang, Y.T., Chen, I.T., Lee, C.T., Chen, C.Y., Lin, S.S., Hor, L.I., Tseng, T.C., Huang, Y.T.,nd showing that 2/3 samples gave positive test results as early as 6 and 12 h post
hallenge while all 3 samples were positive from 24 h onward.
esults with the AP4 method (see Section 3.3 below). All of these
esults show that the AP4 method was speciﬁc for VPAHPND and did
ot yield non-speciﬁc amplicons with the non-AHPND bacteria or
ith DNA templates from potential VPAHPND hosts tested.
.3. The AP4 method is 100 times more sensitive than the AP3
ethod
When DNA extracted from VPAHPND was serially diluted to com-
are detection limits of the AP3 and AP4 methods, it was found that
P4 could detect VPAHPND at a concentration 100 times lower than
hat detected by AP3 (Fig. 4) (i.e., 100 fg for AP4 compared to 10 pg
or AP3). This indicated that the AP4 method would be suitable
s an alternative choice for direct detection of VPAHPND in materi-
ls where enrichment culture prior to analysis is not possible (e.g.,
amples preserved in ethanol, frozen tissue samples, archived DNA,
tc.).
.4. The AP4 method detects VPAHPND early after shrimp infection
Comparison of the ability of the AP3 and AP4 methods to detect
PAHPND at early stages of infection using time-course analysis of
aboratory-challenged shrimp (Fig. 5) revealed that the AP4 method
ould detect VPAHPND in 2 out of 3 shrimp collected at 6 h post chal-
enge while the AP3 method gave negative results for the same 3
hrimp (i.e., same DNA template). By 12 h post challenge, the AP4
ethod gave positive test results for 2/3 of the collected shrimp
hile the AP3 gave positive results for only 1 of them. By 24 h post
hallenge, the AP4 method gave positive results for all 3 shrimp
hile the AP3 method still gave positive results for only 1. Not until
6 h were the results positive for all 3 shrimp by both methods.
hese results indicated that the AP4 nested PCR method would be
ore likely than the AP3 method to detect VPAHPND directly at early
tages of infection or in light infections (i.e., without an enrichment
ulture step).
In summary, we have successfully developed an AP4 nested PCR
ethod that has high sensitivity and speciﬁcity for detection of
PAHPND at lower levels than possible using previously published
ethods and without cross reactions with non-AHPND bacterial
NA or potential host DNA. This new method is suitable as an alter-
ative choice for direct detection of in materials where enrichment
ulture prior to analysis is not possible (e.g., samples preserved in
thanol, frozen tissue samples, archived DNA, etc.).eports 2 (2015) 158–162
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